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Résumeé

Le but principal de ce travail est la présentatienla formulation mathématique et
I'analyse des propriétés viscoplastiques du flultgnétorhéologique dans des conditions
d’exploitation d’amortisseur, ainsi que la déteration des dimensions optimums de l'orifice
d’écoulement du fluide MR dans le dispositif detyee.

Dans la thése, une analyse particuliere de larditiée a été effectuée en ce qui
concerne les propriétés et des applications dete8UMR dans des dispositifs mécatroniques.
On s’est intéressé aux caractéristiques et a Détian des modéles mathématiques de
comportement des fluides MR utilisés actuellembimte partie de la revue des publications
est consacrée également aux modeles viscoplastigestinés a la description du
comportement des métaux et des alliages. Ce travpérmis de définir le plan des essais
expérimentaux et a conduit le choix des modelestiatifs parmi ceux destinés pour des
métaux afin de les adapter a la description du cotement de I'amortisseur avec le fluide
MR, dans différentes conditions de travalil.

Nous nous sommes limités a deux types d’amortissdiamortisseur LORD RD
1005-3 et le prototype d’amortisseur T-MR SIMR I33.

Des essais ont été effectués a un banc d’essaiseftant le mouvement contraint
cinématiquement, situé a I'Institut de Principes @enstruction des Machines a I'Ecole
Polytechnique de Varsovie. Dans I'expérimentatmma utilisé le fluide magnétorhéologique
MRF 132 DG produit par LORD Company. Le programmes gbssais a été bati pour
permettre de mesurer la force de résistance denp&t fonction du déplacement en tenant
compte de la vitesse de déplacement, de l'interditécourant dans le sélénoide, des
variations de température et de la géométrie dualcate I'écoulement du fluide
magnétorhéologique.

Etant donné qu'’il n’était pas possible de modifeestructure interne de I'amortisseur
LORD RD 1005-3, des expériences pour trois hauteimsfice d’écoulement h=5x18
7x10% 10x10* [m], ont été menées uniquement dans le cas dett@seur T-MR SiMR 132

DG, dont la construction permettait d’'introduiresaeodifications de sa structure.



Résumé

Les résultats expérimentaux ont été soumis a ualyssndétaillée du point de vue de
leur utilité et de leur qualité pour atteindre ¢dgectifs du travail.

lIs ont permis de déterminer la limite élastique l@t contrainte maximale de
cisaillement du fluide MR sous tension, en fonctdmn différentes vitesses de cisaillement,
différentes intensités du courant, températurésmeteurs d’orifice d’écoulement.

Par la suite, des valeurs de la limite élastique &é utilisées pour identifier les
parametres des lois constitutives de Bodner-Padboelui de Perzyna en tenant compte de
différentes conditions de travail du fluide dareaortisseur. Cela a conduit I'auteur a écrire
les modeles constitutifs, pas seulement en fonctienla vitesse de cisaillement, mais
également en fonction de la température, de I'sitérdu courant et de la hauteur de l'orifice
d’écoulement.

Les modéles viscoplastiques identifiés ont pern@ssonuler le comportement du
fluide MR et de comparer les résultats numériques a@eux obtenus par des mesures. On a
constaté une bonne concordance des courbes trdaéesces deux cas, ce qui autorise a
conclure gqu’il est possible d’utiliser les modélascoplastiques des métaux pour décrire le
comportement du fluide magnétorhéologique.

On a optimisé la construction du piston dont l¢ece était la hauteur de I'orifice
d’écoulement du fluide MR a l'aide de la méthodapinique, des algorithmes génétiques et
de la méthode du recuit simulé, en utilisant I'sgeal des contraintes de cisaillements
maximum dans le fluide MR. On a obtenu des valemaximales de contraintes de
cisaillement pour l'intensité du courant minimunpetur la hauteur d’orifice de 4xtQm].

Le mémoire est composé de neuf chapitres et Oibliagraphie. Dans les annexes se
trouvent les résultats des essais expérimentagesetalculs numériques, d’aprés les modeles

viscoplastiques de Bodner-Partom et celui de Parzyn

Mots clés fluide magnétorhéologique, lois viscoplastiguegpérimentation, amortisseur
magnétorhéologique, identification des parameésiesylation numérique, optimisation



Abstract

The main goal of this dissertation is a mathemhtiescription and an analysis of
viscoplastic properties of magnetorheological flindoperational conditions of a damper’s
work, as well as determining the optimum, in vielanalicated values of parameters, size of
the gap for the MR fluid to flow, in these devices.

In this work a detailed analysis of literature tethto the properties and application of
MR fluid in mechatronic devices was made. Methodglof theoretical research included
characteristics and evaluation of currently usedheraatical models for MR fluids and
devices using MR fluids. Also, viscoplastic modaked for the description of metals and
their alloys has been reviewed.

The study of literature helped to plan further ekpental tasks and to select a
constitutive model, among the generally availabiesfor metals, to be applied for the
description of behavior of MR damper with the ldjun operating conditions.

The scope of research work has been limited to tiypes of magnetorheological
devices: the LORD RD 1005-3 shock absorber andT#dR SIMR -132 DG damper
prototype.

Tests were performed on the workstation with forkee@matic movement, located at
the Institute of Machine Design Fundamentals at3atarUniversity of Technology. Studies
were conducted with one type of magnetorheolodicéd MRF 132 DG produced by the
LORD Company. Program of experiments on these dswvi@as been focused primarily on the
determination of the damping force on the rod dsnation of displacement, depending on
the excitation frequency of the piston, the intgnsif current flowing in the winding coill
mounted in the head, changes of a fluid temperatndethe amount of gap height, through
which tested magnetorheological fluid passes by.

Given the impossibility to interfere in internatwstture of shock absorber LORD RD
1005-3, the experiments for three cases of gapghhé =5x10% 7x10* 10x10* [m], were
made only for the T-MR SiMR 132 DG damper whoseagteallows changes in its internal

structure.



Abstract

An accurate analysis of research in terms of usefd for intended purpose of the
work and brief estimation of quality of performidts has been made.

On the basis of performed experiments, it has lestimated i.a: the conventional
yield point and the maximum shear stress of andly#R fluid, including variable shear rate,
intensity of current flowing in a solenoid, liqugdtemperature and the gap’s height.

Then, using the analysis of yield point of MR flwided in the damper, parameters of
Bodner-Partom constitutive equations and Perzyndeinwere estimated. Values of model's
parameters were determined, taking various comditiof the fluid in these devices into
account.

The author wrote down the equations of Bodner-Rarmwv, conditioning them not
only on variable shear rate, but also on variabfeperature, intensity of electric current and
the height of a gap.

The Perzyna law was presented in shear rate-deperidenperature-dependent and
current-dependent form.

Identified viscoplastic models were used to devedogimulation that verifies the
proposed mathematical model which describes thavwetr of MR fluid in operating gap of
machine’s head, with data derived from performeguekements.

Using graphical methods, genetic algorithms, ad aglanalysis of maximum shear
stress of MR fluid in the gap, the process of oing the piston head design was pursued, in
which the criterion was the value of the gap. Theghést values of shear stress with
minimum-possible value of current intensity wasiattd, the results clearly showed the value
of the gap’s height h=4x10[m].

The dissertation consists of nine chapters andobography. In the appendices, the
results of experimental research and numerical Isitions of discussed viscoplastic models

of Bodner-Partom and Perzyna were presented.

Keywords. magnetorheological fluid, viscoplastic laws, enpental studies,

magnetorheological damper, parameters identifinatiamerical simulations, optimization
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1. Introduction

Scientists in the material science area, are dmiing to development of new
materials or discovering new properties of alrekdgwn materials. 80’s of XX century was
the beginning point of a rapid increase of intexr@stmaterials, which were named intelligent.
That group of materials include magnetorheolodicgdls, which are characterized by the fact
that they change their rheological properties uriterinfluence of a magnetic field. These
properties of MR fluids, known for over 50 yearsuldn’t be fully used until the age of the
computer steering equipment.

Being a subject of the special interest in thiskwonagnetorheological fluids are very
useful in solving damping problems which are onenwdin engineering dilemmas of
construction and exploitation of machines and devitately, a big increase of interest in this
type of intelligent material is being observed. &mtizing, we can say that MR fluids are
applied mainly in semi- active vibration damping.

They are used e.g. in: dampers, shock absorberghes and brakes [CARLSON,
1999], [GONCALVES, 2005], [GRIFFIN & WU, 1998], [U & FUCHS, 2002], [LEE et al.,
1999], [MILECKI, 2004], [PARK & JEON, 2002], [SHENt al., 2005]. MR dampers and
MR shock absorbers are applied e.g. in dampingalpm operation of buildings and bridges
[DYKE et al., 1996], [DYKE et al., 1998], [GORDANIRUAD et al., 2002], [HIEMENZ &
WERELEY, 1999], [INYAWAKO & REYNOLDS, 2007], as weks in damping of high-
tension wires [SARISKI & SNAMINA, 2007], [SAPNSKI et al., 2006], [WU, 2006].

MR fluids are used also in the magnetorheologicahmosites production [KALETA
& LEWANDOWSKI, 2007], [KALETA et al., 2006], [KALE®R et al., 2007],
[LEWANDOWSKI, 2005], medical action [CARLSON et al2001], [AVRAAM, 2009],
printing industry [MUC & BARSKI, 2007], aviation [BRIKOWSKI et al., 2005], car industry
and military industry [BAJKOWSKI M., 2006], [POYNQRO0O01].



1. Introduction

In the development and production area of MR fluidl©RD Company is a
dominating figure on the global market, producihgds and devices, it contributes to their
development. Despite plenty of works being curseldtl at universities and research centres,
still the need of a better and more extensive kadgg of particular properties of these
liquids is noticed, their behaviour in exploitativeonditions, as well as learning all
possibilities to control their rheological propest

One of important tasks which concerns MR fluids] arhich wasn’t so far precisely
and explicitly described, is the issue of the miatiigcal description of MR fluid’s properties,
when the fluid is in a state of real working coraiis.

With reference to various materials, we can finffedent models of viscoplastic laws.
There is no model describing fluids and solid mater equally. There are models
characteristic for fluids or solid materials.

The author of presented dissertation took the gtetm describe the MR fluid’'s
behaviour, by using constitutive equations which generally applied for metals. Before
taking such a decision one should think and an$slewing question: whether and why, and
which constitutive equations, proper for metals) ba used in the mathematical description
of MR fluid’s properties and behaviour?

Responding to the question, we should note thaentain operational conditions an
MR fluid changes its density, becoming semi-satideven solid. It is one of an MR fluid’s
most significant features.

Lg Nobel laureate, Thomas Parnell, who introducedstudents to the experiment
with pitch [EDGEWORTH et al., 1984], stated that thaterials that appear solid are actually
liquids with a very high viscosity. The viscosity an attribute of fluids and plastic solids,
characterized by their internal resistance agdionsting. It turns out that the glass in the
windows installed, after a dozen years, is thickethe lower edge than at the upper, it flows.
Thus, not only liquids are materials that flow. htoncept is relative, and when the
phenomenon will appear is only dependent on the fraame we define. And vice versa, high
viscosity liquid can be classified as a solid.

Therefore, the author of this thesis decided to euiate an analysis of
magnetorheological fluid’s viscoplastic propertiesoperational conditions of a damper’'s
work, to be able to apply the viscoplastic lawddgbfor metals, for description of properties

and behaviour of MR fluids.
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2. Purpose and work field, research object,
work thesis, investigation methodology

2.1. Purpose and work field

The main goal of this dissertation is a mathemahtiiescription and an analysis of
viscoplastic properties of a magnetorheologicabfin operational conditions of a damper’s
work, as well as determining the optimum, in vielwalicated parameters values, size of the
gap to the MR fluid flow, in these devices.

Realization of the formulated aim of work is todEhieved by:

- literature analysis concerning the topic of tharky

- detailed research and behavioural analysis offli, in condition, when it is

exposed to magnetic field, generated by thensadein an MR damper;
- an optima calculations that suppose to the maseficial point, on account of the
chosen criterion, structural variant of a dargkead.

The range of experiments was limited to two typésnagnetorheological devices.
They were: the LORD RD 1005 — 3 shock absorber #mel T-MR SIMR 132 DG damper
(designed and carried out at the Institute of MaghDesign Fundamentals). The research
program of discussed devices was concentrated ynanl appointing the values of a
resistance force put by the piston rod, in a fuamctof relocating it, depending on the
frequency value of the kinematic excitation, valudsthe amperage flowing through the
winding of coll installed in the head, changesha value of liquid’s temperature, and value
of the height of gap, by which the examined MRdligs moving through.

Considering the impossibility to interfere in th@arnal structure of the LORD RD
1005-3 shock absorber, experimental examinationghi@e cases of a gap’s height valve:
h=5x10% 7x10% 10x10* [m], were made only in a case of the T-MR SiMR IB3 damper

which structure allows for interference in its ingenstruction.
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2. Purpose and work field, research object, woesi) investigation methodology

2.2. Resear ch object

The research object is a magnetorheological fhethg under the influence of a
magnetic field, which constitutes the basis of apeg for MR devices, such as dampers and
shock absorbers.

For appointing the features of an MR fluid, whenisitin exploitation conditions,
pursuing experimental examinations was planed &wiogs: the LORD RD 1005-3 shock
absorber (Fig. 2.2a) and the T-MR SiMR 132 DG dan{pey. 2.2b). The main important
difference, in the structure of inspected devisgghat commercial LORD RD 1005-3 shock
absorber has the gas spring in its constructiod,the damper doesn't have similar element.
Both devices were filled up with the same MRF 13@& [uid, produced by the LORD
Company.

Short profile of the MRF 132 DG fluid and both iesped objects, are shown below.

b)

Fig. 2.2. View of research objects: (a) LORD RD 3603 shock absorber;
(b) T-MR SiMR 132 DG damper

12



2. Purpose and work field, research object, woesi) investigation methodology

2.2.1. MRF 132 DG fluid

For analysis of the viscoplastic properties of agneorheological fluid, in
exploitative working conditions of the damper, amtoercial MRF 132 DG liquid was
chosen. It is based on hydrocarbon and is intetmbd used in dampers, shock absorbers and
brakes.

Major properties of MRF 132 DG fluid are shown irable 2.1, while detailed

information are available on a producer’s websitenav.lord.com.

Table 2.1. Fundamental properties of MRF 132 D@l fflwww.lord.com]

Properties MRF 132 DG
Viscosity, temperature 40 [°C] 0.092+0.015 [Pa-s]
Density 2.98-3.18 [g/cni
Solids content by weight 80.98%
Operating temperature -40+130[°C]
Flash point >150 [°C]
Appearance Dark grey

2.2.2. LORD RD 1005-3 shock absor ber

The LORD RD 1005-3 shock absorber is a commeraalog, produced on a mass
scale. Unlike prototype products it is charactetibg a great stability of parameters. It's the
most widely used magnetorheological device, emplayedifferent mechanical structures.
Structural scheme of the LORD shock absorber isgmied in Fig. 2.2, and its basic
parameters published by the producer, are presemtediable 2.2. More information
concerning LORD RD 1005-3 shock absorber, can badan a specialized documentation
[LORD, 2003].

Fig. 2.2. Structure scheme of the shock absorb&D®&D 1005-3 (1-head, 2 — piston rod, 3
— coil, 4 — gap, 5 — magnetorheological fluid, &ires, 7 — construction body, 8 — gas spring)
[ZALEWSKI & BAJKOWSKI, 2008]

13



2. Purpose and work field, research object, woesi) investigation methodology

Table 2.2. Basic data of the LORD RD 1005-3 shdidogber [LORD, 2003]

Properties Value

Damping force:

for V=0,05 m/s and I1=1A >22[

for V=0,2 m/s and I=0A <667 [N]
Lifetime 2*10° cycles
Max. operating temperature 71 [°C]
Response time <25 [ms]
Max. length (rod piston inside) 208 [mm]
Max. length (rod piston outside) 155 [mm]
Coil:

Current intensity (temporargrk) max. 2 [A]

Current intensity (constararky 1[A]

Voltage 12 [V]

2.2.3. T-MR SIMR 132 DG damper

In the research program, an attention was devaetédet damper prototype which was
designed and carried out in Institute of Machinesie Fundamentals at the Warsaw
University of Technology. Using the T-MR SiMR 13ZGDbbject, its complex examinations
were conducted in presented research.

Structure scheme of the damper T-MR SIMR 132 DG described in Fig. 2.3a,
while in Fig. 2.3b its structure was displayed he ICATIA program. In research version of
described damper three structural variants of tedwere exploited. The first variant, with
the gap’s height h=5x10[m], second h=7x10[m] and the third variant, in which the height
of the gap was h=10x1qm].

a)

Fig. 2.3. (a) Structure scheme of the T-MR SiMR &2 damper (1 — piston rod, 2 — wires,
3 — magnetorheological fluid; #iead, 5 — coil, 6 — gap, 7 — construction body);
(b) visualisation of the T-MR SiMR 132 DG daanpn the CATIA program

14



2. Purpose and work field, research object, woesi) investigation methodology

2.3. Work thesis

The author of the dissertation believes that, dacg¥e achieving of the aim of the
work expressed above will be fully possible witle thresented scope of research objects,
predicted for experimental examinations, and théene gathered as a result, will allow to
unambiguously prove the thesis:

It is possible to apply constitutive models valid for metals and alloys to report features
and behaviour of an MR fluid during the work of the damper; it is possible to record these
laws, what makes them dependent not only on velocity parameter but also on parameters of

current intensity and temperature.

2.4. Investigation methodology

The author is assuming, that positive realizatbtasks, that guarantee achieving the
aim of work formulated above, and also full provioigthe thesis formulated in section 2.3,
should proceed according to proposed research ohathgy. The methodology concerns
tasks, that apply to four groups of problems:

- detailed literature recognition of issues, redate the work’s subject, formulating the
thesis of the work, mathematical description andlysis of an MR fluid behavioral

properties, when it is in operating conditions;

- an experimental research of MR devices, withdhgct of observing and determining
selected properties of a magnetorheological flhiolsen for the research;

- an acceptance of the model for tested MR devamntification of its parameters and
numerical simulations of an MR damper;

- an optimization of the gap’s height value, witte tbehaviour of an MR fluid in the
working gap taken into consideration.

Realization of the first group of issues allowddanulate the work’s dissertation, and
enables accepting the detailed schedule of the ,wanlch will assure proper proving of the
thesis. In this area, it has been decided to amalysletail literature relating to features and
usage of an MR fluid in mechatronic devices, andrtalyse current mathematical models of
its behaviour in machines.

The methodology of theoretical examinations inctbd¢he assessment of
mathematical models presently applied to the deson of properties and behaviour of the
MR fluid, during the work in the device. It allowéar planning further experimental research
and choosing the constitutive model, out of readigilable for metals and their alloys, in

15



2. Purpose and work field, research object, woesi) investigation methodology

using to the description of behaviour oneself ofndar with an MR fluid, in changeable
working conditions of a damper and a shock absorber
The second of mentioned group of tasks which acessary to realize the work is
experimental research. In this area, an investigati the LORD RD 1005-3 shock absorber
and the T-MR SIMR 132 DG damper prototype with BieF 132 DG fluid, was scheduled.
The investigation consists of following task:
- research conducting with one kind of a magnetdggcal fluid, so that it is possible to
refer to the same liquid working in different coials: current intensity in the winding of
solenoid, generating a magnetic field in the heagdip, piston oscillation frequencies,
liquid temperature (devices) and a gap’s heightwhych the tested fluid is moving
through;
- conducting the experiments, which will allow tetérmine characteristics of work for
discussed devices; in particular characteristicdamhping force of device in the function
of the piston displacement, afterwards shear ssesthe fluid in the gap, in the function
of the shear rate of this liquid;
- performing the detailed analysis of influencelwd fluid’'s temperature changes, current
intensity and shear rate on viscoplastic propedfdghe examined fluid,
- determining the influence of a gap’s size on expents, set work parameters and on the
value of factors of the viscoplastic model.
The next group of problems concerns numerical satranis. Detailed tasks in this
area include:
- estimating parameters of the model, essentigirépare the simulation, with aim of
verifying the suggested mathematical model thatriess the behaviour of an MR fluid
in the gap, with data obtained from conducted Brpents;
- determining values of the model's parameterssitaming variable working conditions
of the liquid in discussed devices, so such aseatirmtensity variation in the coil
winding, the change of the value of liquid’s sheate in the gap and changes of
temperature value of the liquid;
The last group of issues, which were specifiedesearch methodology, is dedicated
to the process of optimization of the MR devicewimch:
- the subject of optimization is to determine optimgap’s height in the head, by which
magnetorheological fluid is flowing;
- calculations have been conducted, that will altondetermine the best value of gap’s
height.

16



2. Purpose and work field, research object, woesi) investigation methodology

Guiding by directives, included in a research methoagy presented above, the author
assumed, that proving of the thesis and full admeant of the work objective can be carried
out in the work structure, which is composed ofenthapters, presented below.

The first chapter consists of an introduction te ttork, in which the author briefly
presents magnetorheological fluids, their usage ted new approach to describe the
behaviour of the fluid in a damper.

The second chapter constitutes purpose and scdpe wfork, the subject of research,
thesis of the work and a research methodology.

The third chapter discusses the up-to-date studya ofiterature concerning a
magnetorheological fluid and rheological modelsnatterials, finished with a summary.

The fourth chapter describes the work station drel realization of experimental
studies.

In the fifth chapter the properties of an MR flthds been analysed on the basis of
experimental examinations.

The sixth chapter shows parameters identificatiethwdology of viscoplastic models
of Bodner-Partom and Perzyna laws.

In the seventh chapter results of numerical simadabf proposed models, compared
with experimental data, were presented.

The eighth chapter focuses on the gap’s heightrogaition in the head of tested MR
device.

The ninth chapter concludes the work.
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3. Study of current literature concerning the
subject of dissertation

3.1. Characteristics of magnetor heological fluids and their applications

Magnetorheological fluids, beside ferromagnetic atettrorheological fluids, belong
to the non-Newtonian rheostable fluids, which dnaracterized by a yield point [HAAKE,
1998], [KEMBLOWSKI, 1973]. Magnetic, ferromagnetand electrorheological fluids are
colloidal suspension of microscopic solids in tiggid carrier, and their main characteristic is
rapid grouping of particles into a dense grid unther influence of an external stimulus
[CARLSON & WEISS, 1994].

Magnetorheological (MR) fluids are composed of daragnetic particles of a
magnetic material with a diameter of several miceters (from 0,5 to 0,84m]) and liquid
carrier of low viscosity, about 0;P,3 [PdsS] [MILECKI & LAWNICZAK, 1999],
[SAPINSKI, 2006]. Ferromagnetic particles of an MR fl@ick additionally covered with a
special layer enhancing their magnetic susceqiibdnd reducing their tendency to form
aggregations. Other substances, including antes@mn and anti-sedimentation substances,
are also added in small amount.

The influence of a magnetic field causes changeghiysical properties of an MR
fluid, and to quote one of the commonly acceptegbkiyesis, the molecules attract each other
and combine into chains along the lines of magnietice. Within few milliseconds there
appears an increase in viscosity and stress vahghes its limit, below which the material
behaves elastically. It is a reversible procesterAhe disappearance of an external magnetic
field the liquid returns to its baseline. Changader the influence of a magnetic field appear

in less than 10 milliseconds.
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3. Study of current literature concerning the scibjé dissertation

Magnetorheological fluids retain their propertiasthe temperature range of <4®0
[°C], while the yield point value for these liquidsin the range of 5600 [kPa] [CARLSON
& WEISS, 1994]. Fig. 3.1 shows the schematic behavof ferromagnetic particles in the
magnetorheological fluid without magnetic field @)d under the influence of a magnetic
field (b).

s 58 8§ S B
Fig. 3.1. The behaviour of magnetic particles magnetorheological fluid: (a) - without
magnetic field, (b) - under the influence of a matgmfield [MILECKI]

Extensive analysis of the properties of magnewdugcal fluids is included in Seval
Genc’s thesis [GENC, 2002] and the work of FermaDd Goncalves [GONCALVES, 2005].
More information on MR fluids’ properties can alse found in works: [CARLSON, 2001],
[CARLSON & WEISS, 1994], [CARLSON & JOLLY, 2000]FINDER & DAVIS, 1994],
[MILECKI & tAWNICZAK, 1999] [RABBINOW, 1948, 1951],[BOSSIS et al., 2002].

As it has already been presented in the introdnaifothe work, magnetorheological
fluids are used primarily in the semi-active viwatdamping. They are used eg in dampers
and shock absorbers [CARLSON, 1999], [GONCALVESQZ0 [GRIFFIN & WU, 1998],
[LIU & FUCHS, 2002], [LEE et al., 1999], [MILECKI2004], [PARK & JEON, 2002],
[SHEN et al., 2005].

Dampers and shock absorbers are used for examaleilmation security, exploitation
of buildings and bridges [DYKE et al., 1996], [I®EER et al., 1997], [DYKE et al., 1998],
[GORDANINEJAD et al.,, 2002], [HIEMENZ & WERELEY, 1], [NYAWAKO &
REYNOLDS, 2007], [XU & ZHOU, 2007], [WEBER et aR005], [FUJITANI et al., 2001],
and also in damping of vibrations of high-voltagees [SAPNSKI & SNAMINA, 2007],
[SAPINSKI et al., 2006], [WU, 2006].

MR dampers are also used in the process of vibratemping of cars’ suspension
[JORGE et al., 2005], [LEE et al., 2009], [SASS008], [ABU-EIN et al., 2010], in large
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trucks driver's seats, to reduce harmful vibratibat are transferred to the human body
[GATE WHEELS & BROTH, 2007], [ZHAO & YANG, 2008],sawell as in the construction
of washing machines [SPELTA et al., 2009], and matimgr devices.

MR fluids are also used in the production of magrietological composites
[KALETA & LEWANDOWSKI, 2007], [KALETA et al., 2006] [KALETA et al., 2007],
[LEWANDOWSKI, 2005], [WANG & GORDANINEJAD, 2009],n a clutch construction,
[KIKUCHIT et al., 2010], [KIKUCHI et al., 2009], [PANG & SHEN, 2009] and build of the
brakes [PARK et al, 2008], robots [YOON et al., 3))0n CD and DVD drives [SZEAG et
al., 2000], in medical activities, such as devitesrehabilitation [CARLSON et al., 2001],
[AVRAAM, 2009] or in-vitro methods [FLORES & LIU, 2002], in printing [MUC &
BARSKI, 2007], in suspension of planes and heliecpfMIKULOWSKI & HOLNICKI-
SZULC, 2003], [BAJKOWSKI et al., 2005], [HU & WERHY, 2008], in the construction
of guns [BAJKOWSKI M., 2006 ], [POYNOR, 2001].

For more information on the use of a magnetorheckddluid, refer to following
works: [KLINGENBERG, 2001], [KROMULSKI & KAZMIERCZAK, 2006], [UNSAL et
al., 2006], [JOLLY et al., 1996], [JOLLY et al., 99], [MUHAMMAD ET AL., 2006€],
[SWITONSKI et al., 2007], [YAO et al., 2008], [DAS et a2008], [LI et al., 2002].

3.2. Summary of the presented models, materials, and MR devices

Rheological models presented above for non-Newtofitads (such as the Bingham
model, the Casson model, the Cross model, the Her8ulkley model, the McKinley
model), are based on the change of fluid's shaasstin a function of shear rate. The
simplest Bingham model assumes linear variatioa shear stress value, while other models
presume nonlinear modification of this charactaristhe Bingham model does not allow for
an accurate reproduction of liquid properties, ety for small shear rates, compensating in
simple notation. More complex models (eg, the Casswdel) with higher number of
parameters, reflect the actual behaviour of nontNei&n fluids better, however, they are
more laborious in a process of estimating therpatars.

Rheological models of dampers and shock absorbach (as the Bingham model, the
Bouc-Wen model, the Li model, the Spencer modet, @amota-Filisko model and its
modifications) are based in their construction lore¢ basic models: Hookean solid, plastic
body of St. Venant and viscous body of Newton. Thio their various coupling

configurations, we obtain different structural misdef equipment, so we can build simple
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models with a small number of parameters and vemptex models requiring determining
large number of coefficients.

Advanced models in their construction may alsoudel hysteresis function (e.g., the
Bouc-Wen model and the Spencer model). The authofs [ERICKSEN &
GORDANINEJAD, 2003] used the Bernoulli equations nmdel an MR damper. In
[WERELEY & PANG, 1998] Navier-Stokes equations ahe Bingham law was used to
describe the damping force and to obtain the detsani of a liquid’s flow through the gap. In
[YANG, 2001] similar method was applied, but witsage of Herschel-Bulkley model. In
papers [SPENCER et al., 1997] and [DOMINGUEZ et 2004] phenomenological models
based on the Bouc-Wen model were proposed.

Apart from the above, we may find other models iterature: the Powell model
[POWELL, 1994], the Dahl model [ZHOU & QU, 2002FHOU et al., 2008]. The Preisach
model was described in the study [HAN, 2007], ahd tuGre model in [JIMENEZ &
ALVAREZ-ICAZA, 2004]. In [AWREJCEWICZ et al., 200&he author presents the Masing
model, which is reduced to the form of differentejuations that describe the Bouc-Wen
model, characterized by a smaller number of pararset

Publications [PIRODDI & SPINELLI, 2003] present gobmial NARX model, while
the work [CHANG & ROSHKE, 1998] presents the dynanfiehaviour description of
magnetorheological dampers, based on neural netvidelral network in a model is also
used in [WANG & LIAO, 2005]. Polynomial functiongeathe basis for the models proposed
in [CHOI et al., 2001], [EHRGOTT & MASRI, 1992] dfGAVIN et al., 1996]. The topic of
modeling an MR fluid is also presented in the w§WASREBI et al., 2006].

Both rheological models for non-Newtonian fluids a&ll as models for the
rheological dampers and shock absorbers with a etagreological fluid, include, at a basic
level, the effect of a shear rate and an interditg magnetic field. The rheological models,
however, lack the effect of temperature. The teitpee changes the viscosity of fluid, and
thus modifies work’s characteristics of considemsstlium.

Presented models of MR fluids and devices differairrecording method and a
mapping accuracy. To obtain high fidelity betweewdel and the real condition, it is
necessary to use a more complex law. It shoulddbednthat the work does not discuss all
models, just those most commonly used.

Viscoplastic laws typical for metals and their gicshow the relationship between rate
of inelastic deformation and a stress deviator.yTtwntain the equations of an inner state’s

change describing the resistance of material topthstic flow. In most cases, laws use a
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scalar variable to describe the stress boundedthatisotropic hardening and tensor variable
bounded with kinematic hardening [KEOSOWSKI & \¥RICA, 2007].

The general form of the constitutive law can bettem as [KEOSOWSKI &
WOZNICA, 2007]:

£ =¢" (o, X1, R T)= \E pr, @)

where p denotes a positive scalar function called the mateaccumulated inelastic

deformation and tenson indicates the direction of the strain rat®, X" indicates the
tensor of kinematic hardenindg is a scalar function describing the isotropic leardg, and

T means the temperature. Directiarcorresponds to the deviatoric direction of an eiWec
stressa’’ or strain(a’” - X' )

Due to the mathematical formulation, authors [KKDSSKI & WOZNICA, 2007]
divide viscoplastic models into two groups. Thetftype is based on the equation:

(g
gi=gi| 22| 3.2
(=2 @.2)

This group includes models of Bodner-Partom, Mjlkkrempl, Tanimura, Korhonen,
Krieg and Walker.

The second group of models is described by theativelationship of the form:

¢ =" ((0" -x")-R). (3.3)

It includes the laws of Perzyna, Chaboche, Aubgetighmann-Imatani and Freed-
Virrilli.

In both casesX" is an internal variable (deviatoric internal ssressociated with the
kinematic hardening)K is a scalar function describing the isotropic hamg; R is isotropic
stress that points a limiting surface flow [KEOSOWIS: WO ZNICA, 2007].

The first of the above groups of models do notrrédesurface flow, the second one
takes it into account. That is the main differebheeveen both groups. Lack of surface flow in
the law’s definition, requires more complicated hegmhatical formulation, which is necessary
for the direct description of the transition betwdmear and curvilinear part of the stress-
strain diagram, observed during the test loading amloading of the sample. The
introduction of an isotropic internal streRs describing the surface flow, allows to clearly

distinguish the linear elastic and inelastic rang&ehaviour of the material [KLOSOWSKI
& WOZNICA, 2007].
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Viscoplastic models typical for metals, comparethvwhe rheological models of non-
Newtonian fluids, are more complex in their mathtoah notation, with the number of
parameters, averaging several or dozens (for exartipd Miller model: 32; the Korhonen,
Hanuli and Li model: 45). Complex equations arentyadue to the functions of material
hardening in their structure.

Such detailed analysis of rheological models, kdstthe author to attempt to use and
complement the viscoplastic models typical for rsgtdo describe the properties and
behaviour of a magnetorheological fluid. Curremtlythe literature concerning this topic, one
can not find the use of viscoplastic models known rhetals in the description of non-
Newtonian fluids.

Author of the thesis has selected two laws applécat the magnetorheological fluid
in a damper, and a shock absorber. The selectiengualed by a simple construction of
model, with the smallest possible number of parametas well as known method of
identification. Three, in the Perzyna law and sewerthe Bodner-Partom law, is the number
of factors to identify on the basis of experimewiaia.

The choice of the Bodner-Partom model from the fyr®up of models, not referring
to the concept of surface flow, was made, and typa law from the second group of
models that refer to the surface flow. The big atege of selected laws is the maximum
strain rate in, which is the same in both casesuamting to 16[s™].

To be able to apply the viscoplastic laws discusakdve, experimental research
(described in detail in chapter 4), on a workstati® planed. For the studies i.a. damper
prototype with simplified design was prepared. Taenper has its gas spring removed so
focusing on liquid could be achieved. The studiel afterwards be used to analyze the

viscoplastic properties and to estimate parametecsnstitutive laws typical for metals.
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4. Work stand, realization and results of
experimental research

4.1. Description of work stand and measuring appar atus

The research program was carried out at the Raotilhutomobile and Construction
Machinery Engineering at the Warsaw University etfiinology. Tests were conducted on a
work station, designed and built at the Institut&achine Design Fundamentals.

A detailed description of the construction and afien of the work station was
presented in [BAJKOWSKI, 2005]

In this dissertation, described research standedefor testing the LORD RD 1005-3
shock absorber and the T-MR SiMR 132 DG damper. Oube fact that the measurement
station described above allows for practically anyange of construction abilities, control of
a piston stroke displacement, and therefore aher talue of oscillation frequency of
kinematic extortion as well as hardware and recgydioftware, it is well suited to carry out
the surveys, which will allow rigorous estimatiohnsagnetorheological fluid’s parameters in
damper, that is necessary to properly describéodmaviour of liquid using a mathematical
model; in particular, to determine and verify thelues of coefficients of constitutive
equations describing the viscoplastic propertiedAiR fluid.

Fig. 4.1a contains an overall view of the work dtaand Fig. 4.1b shows its operation

diagram. Fig. 4.2 shows a set of equipment whiclsed in the process of recording results.
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h

Fig. 4.1. (a) Work stand for dynamic tests for shabsorbers and dampers with the
forced kinematic movement; (b) diagram of stanevftdhart; (1 - displacement sensor,
2 — temperature sensor, 3 — test object, 4 — ®@osor; 5 — movement)

Fig. 4.2. View of recording equipment on the wolage

During the implementation of studies, using sensofs displacement, force,
temperature and speed, following physical pararaetere recorded:

- the force acting on the piston rod of the tesice

- the movement of a piston housing,

- the temperature of the outer casing of device

- the rotational speed of the movement
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4.2. Realization programme and results of experimental research
4.2.1. Summary

Realization of the research plan was assignedrdiogpto the research methodology,
accepted in section 2.4. Magnetorheological deyiodsch were the subject of research,
were: the LORD RD 1005-3 shock absorber, and thRTSIMR 132 DG damper prototype.
These devices differ in design, as mentioned iti@e@.2, but their common feature is the
identical magnetorheological fluid used in the ekpent — LORD’s MR fluid with the
designation MRF 132 DG.

As intended, and pursued in the research progirarmimpact of changes of oscillation
frequency of rod’s kinematic excitation, currentemsity in the coil winding head mounted in
the test sample; effects of changing temperaturieftest subject and the gap’s height, by
which the fluid flows through, were all consideratien determining the characteristics of
work of examined devices. The final result of reskas estimated by the courses of damping
force of tested device in function of displacemi&npiston’s rod.

Such configuration of changes of damping forcei@slin function of head movement,
will be used for detailed analysis of flowing flisdshear stresses, considered for working
gap. All efforts were made to register and recdrd tesults as accurate and precise as
possible, and the obtained results are burdenddpegsibly smallest errors.

Fig. 4.3 graphically depicts the testing progravhjch was scheduled for the T-MR
SIMR 132 DG damper. For each of three values ofi’segap: h=5x1J; 7x10* 10x10* [m],
studies were conducted, with current values: 1=0.2; 0.4 (for gap h=5x1%) and 1=0.5; 1.0;
2.0 [A] (when the gap is h=7xT0[m] or h=10x1C* [m]), flowing in the coil winding.
Measurements were made for three values of thempascillation frequency: 1.66; 3.33; 5.00
[Hz], and in each of the fixed values of temperat@5; 30; 40; 50 [°C].

In the case of testing LORD RD 1005-3 shock ab=mritudies involved experiments
at three frequencies: 1.66; 3.33; 6.67 [Hz], ancesecurrent values: 0.2; 0.4; 0.6; 0.8; 1.0;
1.2; 1.4 [A].

Constant input signal in such prepared reseammgpramme, was a harmonic function
for the displacement of the damper’'s piston, whign@ amplitude was A=0.01 [A] and
rotation speed of circular camw=100; 200; 300 (400) [rpm]; response to this signat a
function F(t). Time of recording a single experimmevas set to t=5 [s], and the sampling

frequency to 400 [Hz].
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Fig. 4.3. Diagram of experimental research pnogna for the T-MR SiIMR 132 DG damper

Fig. 4.4 shows the impact of the current intensitgwing in a solenoid, on the

damping force, with oscillation value: 1.66 [Hzhdafor value of gap’s height h=7xtQm].

Temperature 30 [*C]; Frequancy 1,66 [Hz]
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Fig. 4.4. Impact of the current intensity on thengiéng force

Test results obtained this way, were the basigefamining the impact of oscillation
frequency of piston’s kinematic extortion, the mggy of electric current flowing in the
solenoid; MR fluid’s temperature, and the operatimagght of head’s gap on the damping

force of examined device.
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5. Analysis of MR fluid properties based on
experimental data

5.1. Introduction and methodology of analysis

The results of the cyclic experimental tests of danper and the shock absorber,
became a base for an analysis of viscoplastic ptiepeof a magnetorheological fluid under
influence of a magnetic field, in fluid’s operatadnconditions. The author of dissertation
decided to examine yield point, shear stresses i fMid, Kirchoff's modulus, when the
fluid flows through the working gap in the headtloé damper. Analysis of these parameters
of MR fluid, will be subjected to the influence sifiear parameter of fluid flowing through the
gap, as well as changes in the value of currentifig in a solenoid and changes of the
temperature of the liquid. Using the T-MR SIMR 1B&% damper’s removable head, it was
possible to analyse changes in values of MR flpalmmeters in conditions of different gap’s
height.

To analyze the properties of MR fluid, a closedleyaf the test device was used. Fig.
5.1a shows an example graph illustrating the chamf@rce value acting on the piston rod of
the tested damper in function of the displaceménh® rod. The curve shown in Fig. 5.1a,
was a base to obtain the graph in Fig. 5.1b. Theecin Fig. 5.1b was created by cutting a
portion of the curve from Fig. 5.1a, where the étiegins to rise. Next, to make analysis
easier, cut curve was shifted to position zero ispldcement. Part of analysed curve is
indicated in Fig. 5.1a.

The typical characteristic of devices, shown in.Figla and Fig. 5.1b, contains
components of friction, related to the device. @héhor estimated the impact of dry friction’s
work on the total value of force operating on tbhd.rEmpty damper (without MR liquid)
resisted 9 [N], which is about 1-2% of the totalueaof a resistance force on the piston rod.
This variable has been intentionally omitted, daat$ very small value. Because of such
small influence of friction forces, when the damgenot filled with MR fluid and because of
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the lack of a gas spring, the author, on that bagipealed directly to the MR fluid in its

operational conditions, so that measurement coellchédximally real.
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Fig. 5.1. (a) Characteristic of a work force actorgthe piston rod in function of
displacement; (b) characteristic of the selectetigfaFig. 5.1a

Such prepared curve of Fig. 5.1b, allowed to preplata for analysis of an MR fluid,
and it enabled the calculation of: fluid shear se%, fluid shear strainy, plastic shear

strain y', which have been designated in accordance witlatems (5.1) (5.2) described

below:
N (5.1)
y =y-é, (5.2)
(5.3)

r :r1+§(r2—r1), A=2mmrl .

Where indicatedA — field shear surface of fluid in the gap,- the value of the gap’s height,
AXx - increase of displacemer@, — unit value of Kirchoff's modulus;; — the value of the
internal radius of the gap, — the value of the outer gap’s radiusy- the radius value

calculated from equation (5.3l) the length of the piston’s head.
In Fig. 5.2a the working gap of damper’s head imdgated, and in Fig. 5.2b radiuses

r1, r2 determining the height of the gap, dritle length of the head.
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b)

Iz l‘l_ﬂ

Fig. 5.2. (a) Scheme of the damper with selectedkwg gap; (b) “view” of the working gap

Table 5.1 summarizes, for each value of the gagight, design parameters of the T-
MR SIMR 132 DG damper and the LORD 1005-3 shoclodies; values of radiuse§, r2,
and length are also given. Using equation (5.3), radius "sheand the shear ardawere
calculated. It has been noted that an increas®@@¥lof the gap’s height from 5x1@m] to

10x10% [m], caused a reduction in surface shear of obtua1%.

Table 5.1. Summary of the dimensions of the darapdrshock absorber’s gap
size sign ga4p ga4p gaEf LOBD unit
5x107[m] 7x107[m] | 10x107[m] | 5x107m]

inner radius ry 13,00 12,80 12,50 14,15 *Fhn]
outer radius r 13,50 13,50 13,50 14,65 *Fn]
,shear” radius r 13,33 13,27 13,16 14,47 *Tm]
head long | 32 32 32 25 *10[m]
gap’s height h 5 7 10 5 *10[m]
shear area A 2679 2667 2645 2272 *10m]

To determine the shear rate, it was necessarydw khe value of a shear strain in a
function of time. The value of a shear strain walswated from the formula (5.1), and time
was recorded during the experiment. When carryimigtioe process to determine the shear
rate, a graph was prepared (Fig. 5.3), illustratirggrowth of a shear strain in a function of
time. The value of a strain rate was determine@dbas the slope of the line passing through
a section of the curve on which shear stress relaoheximum value. Straight line whose

slope corresponds to the value of a shear ratenwaalsed red in Fig. 5.3.
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Fig. 5.3. Determination of shear rate

This way was used to estimate the value of stedarfor each of the frequencies of
rod’s oscillation. For a gap’s value of h=5%1Qm], the value of the piston oscillation
frequency were: 1.66; 3.33; 5.00 [Hz], values céaghrates are, respectively, 102, 202, 304
[1/s] for the values of gap’s height h=75[m], respectively 73, 144, 217 [1/s] and for the
values of gap’s height h=10xt(gm], the value of shear rate is: 51, 101, 152][1tsshould
be noted that, despite of the same oscillationuieeqy of the piston rod, for different values
of the gap’s height, different values of a she#e v@ere obtained and the double increase in
the value of the gap’s height, caused two-fold ofidn in shear rate. The results of
calculations of the value of shear rate, with thees values of oscillation frequency of the

piston and different values of the gap’s heightsrewn in Table 5.2.

Table 5.2. Statement of the piston oscillation Giexacy and shear rate of fluid

gap’s height [m] frequency [HZz] shear rate [1/s]

1,66 102
h=5x10" 3,33 202

5,00 304

1,66 73
h=7x10" 3,33 144

5,00 217

1,66 51
h=10x10" 3,33 101

5,00 152

In order to estimate the value of a conventionaldypoint of a magnetorheological
fluid under magnetic field, working in the test amy it was necessary to draw a chart (Fig.
5.4), which presents the course of shear stresation of strain. The values of shear stress

were calculated from equations (5.1). The yieldnpoin this case, is designated by the
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intersection of two lines, one approximately repr@dg the elastic part of shear stress in a
function of non-dilatational strain and the othi#ystrates roughly, the change of plastic
values.
Fig. 5.5 illustrates, setting maximum shear stogsan MR fluid, which flows through

the working gap of piston’s head. The maximum valfishear stress was determined in a
fixed point where the value of the non-dilatatiostrhin is zero and the linear velocity of the
piston rod is maximum. The graph in Fig. 5.5, waadeby calculating the values of shear
stress and non-dilatational strain from equatidng)( The input data was the value of the

force on the piston and value of piston’s displaget

0,8 0,6
TO
. 0.4
Tosl [ g
= = 02
(7] w
L @
@ 04 @ 00
# %
© @ -0,2
§ 021 5
-0.4
00 ¥ : ‘ : 0.6 : : : : :
0 2 4 6 -6 -4 -2 0 2 4 6
shear strain [.] shear strain [.]
Fig. 5.4. Evaluation of a yield point Figb5Evaluation of a maximum
t00f an MR fluid shear straggxof an MR fluid

This form of estimation of the yield point and tlmeaximum shear stress was
incorporated in presented study and this methodusasd to calculate the MR fluid’s values,
in the following sections.

Another parameter, which describes the propertieanoMR fluid in the magnetic
field is a Kirchoff’'s modulus, also called the sheaodulus. In carrying out the process of
designating the Kirchoff's modulus, a chart was en@éig. 5.6), illustrating the change in a
value of the shear stress in function of non-dilateal strain. Tangent of the slope,
reproducing approximately the elastic part of theve to the abscissa, on which non-

dilatational strain values were marked, expredsesalue of the Kirchoff's modulus.
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a different scale on the ordinate, on which thei@galof shear stress were marked.

course representing the viscoplastic propertiend¥IR fluid in operational conditions of the
damper’'s work was obtained. Extremely importanhghis the value of the yield point,

beyond which, as shown in Fig. 5.8, in the nextsghaf a plastic deformation, viscoplastic

Eliminating the elastic deformation from the totalue of non-dilatational strain, the

course of the MR fluid is determined.

its plastic part, estimation of the yield point ati® maximum shear stress, the Kirchoff's

modulus, was used for accurate analysis of an MR fh the magnetic field. This analysis
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Figure 5.8. Graph illustrating the change in thkig of a shear stress versus a plastic

shear strain

Explained above, methodology of presentation efststress, non-dilatational strain,
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5. Analysis of MR fluid properties based on expental data

provides a basis for identifying the viscoplastiws, typical for metals, in the description of
behaviour and properties of a magnetorheologiaald fin operational conditions of the
damper’s work.

Directly below the results of the analysis of MRulids working in the LORD RD
1005-3 shock absorber (section 5.2) and the T-MRRS132 DG damper (section 5.3) were
presented.

5.2. Results of analysis of an MR fluid in the LORCRD 1005-3 shock

absorber

The studies carried out on the LORD RD 1005-3 stadzdorber, described in chapter
4, became the base for an analysis, accordingetonthodology described in chapter 5.1.
Following the methodology of the analysis of MRidluvorking in a gap in the head of tested
device, the value of the yield point and the maximualue of shear stress were estimated.

Table 5.3 summarizes the values of the yield pasna function of a current flowing in
a solenoid of device being tested, and also as@ian of a shear rate.

It was observed that with increase of a shear natiéne tested range of 101-404 [1/s],
the value of the yield point increases too. Alde, increasing value of a current flowing in the
solenoid, increases the value of yield point. Fehear rate of 101 [1/s] at current value of 0.2
[A], the value of the apparent yield point isD[RPa], while the increase of a current value
to 1.4 [A], increases the yield point value by 2Q0%0.74 [MPa]. Data from Table 5.3 is
given in Fig. 5.9, which presents the effect ohaas rate and a current intensity on the value
of the yield point of liquid contained in the LORED 1005-3 damper. Changes of yield point
values, in this case, are in the range 0,24-0,884M

Table 5.4 shows the maximum values of shear stogsan MR fluid in the LORD
1005-3 shock absorber, as a function of a curfEawjng in a solenoid of tested equipment,
as well as a function of shear rate. As in the cdidke yield point, the maximum shear stress
values increases with increasing value of a shata; as well as the increasing value of a
current intensity. Changes in the maximum valuefloid’'s shear stress, in this case, are in
the range 0.25-0.91 [MPa].

Comparing the values of yield point with the valu@#smaximum shear stress, it
appears that the difference between them reachaive of 0.02 [MPa], independent of the
shear rate value or an MR fluid’s shear stress.
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Increasing values of yield point, with the incregsivalue of shear rate is very
important due to the fact that this condition akoestimation of parameters for nonlinear

viscoplastic laws.

Table 5.3. Overview of yield point as a functioncafrent intensity

current intensity [A] 02 ] 04 ] 06 ] 08] 10] 12 ] 14
yield point [MPa] To

101 | 0,24 | 0,41 | 048 | 055 | 0,65 | 0,69 | 0,74

shear rate [1/s] 202 | 0,26 | 0,45 | 0,58 | 0,63 | 0,70 | 0,74 | 0,80

404 | 0,30 | 055 | 0,68 | 0,72 | 0,79 | 0,85 | 0,88

Table 5.4. Overview of max. value shear stressfaaaion of current intensity

current intensity [A] 02 | 04 ] 06 | 08 ] 10 ] 12 ] 14
max. shear stresses [MPa] Uiiess

101 | 0,25 | 0,42 | 0,50 | 0,57 | 0,67 | 0,72 | 0,77

shear rate [1/s] 202 | 0,27 | 0,46 | 0,60 | 0,65 | 0,72 | 0,77 | 0,83

404 | 0,31 | 056 | 0,70 | 0,74 | 0,82 | 0,88 | 0,91

Fig. 5.10 presents the effect of a shear rate amdemt intensity on values of
maximum shear stresses of the liquid flowing thtotige working gap in the head of the
LORD RD 1005-3 shock absorber. Designated valut@Kirchoff’'s modulus was G=0.85
[MPa] and was independent of a shear rate andrantuntensity in the whole investigated

range.
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Fig. 5.9. Impact of shear rate and a current intyos the value of a fluid’s yield
point in the LORD RD 1005-3 shock absorber
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Fig. 5.10. Impact of shear rate and a currentigitg on the maximum value of a
fluid’s shear stress in the LORD RD 1005-3 shocsoaber

5.3. The results of the analysis of MR fluid in thd-MR SiIMR 132 DG

damper
5.3.1. Analysis of the influence of piston’s oskikion frequency, fluid’s shear rate and a
gap’s height

Following the methodology of the yield point estiioa, the maximum shear stress
and the Kirchoff's modulus, results for the MRF 13& fluid operating in the T-MR SIMR
132 DG damper were obtained. Then the analysiseofdsults was made, taking into account
the frequency of the piston’s oscillation, the eabf current flowing in a solenoid, the value
of MR fluid’s temperature, shear rate and the valtieghe gap’s height. The increase of a
shear rate and increase of current intensity caasescrease of yield point, while the
increase of temperature causes decrease in the wélthe yield point. The gap’s height
significantly affects the value of the conventiogald point, which in case of gap’s height
of 10x10% [m] is about 50% lower, at the current value A%, than for the gap’s height of
5x10* [m], with current value of 0.4 [A].

Table 5.5 summarizes the value of yield point foRM132 DG fluid in the T-MR
SIMR 132 DG damper.
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Table 5.5. Statement of the yield point for MRF T332 fluid

gap [m] 5x10% 7x10% 10x10*
temperature [°C] 25 25 25
current intensity [A] 01]02] 04 05] 10 ] 20 05 1,0 ] 20
yield point [MPa] To To To
102 | 0,23 ] 0,32 [ 0,40 73] 0,29] 0,32 ] 0,37 51]0,17[0,20] 0,22
shear rate [1/s] 202 | 0,26 | 0,36 | 0,45 1441 0,33 | 0,36 | 0,41 101] 0,20 | 0,22 [ 0,25
304 ] 0,27 | 0,40 | 0,47 2171 0,35] 0,39 | 0,45 152 [ 0,22 | 0,24 | 0,27
temperature [°C] 30 30 30
current intensity [A] 01] 02| 04 05 ] 1,0 | 20 05| 1,0 | 20
yield point [MPa] To To To
102 [ 0,22 0,30 ] 0,36 730,26 0,29] 0,33 51[0,447]0,19] 0,22
shear rate [1/] 202] 0,24 ] 0,34 0,44 144] 0,32 ] 0,35 | 0,38 101] 0,20 | 0,22 | 0,25
304 | 0,26 | 0,39 | 0,46 2171 0,34 ] 0,37 [ 0,43 152 [ 0,21 [ 0,24 [ 0,27
temperature [°C] 40 40 40
current intensity [A] 01]02] 04 05] 10 ] 20 05 1,0] 20
yield point [MPa] To To To
102 | 0,21 ] 0,29 [ 0,35 73] 0,25] 0,28 ] 0,32 51]0,16[0,19] 0,22
shear rate [1/s] 202 | 0,23 | 0,33 | 0,40 1441 0,30 | 0,33 | 0,36 101] 0,19 | 0,21 | 0,24
304 ] 0,24 ] 0,38 ] 0,43 2171 0,33] 0,35 0,42 152 | 0,20 | 0,23 | 0,26
temperature [°C] 50 50 50
current intensity [A] 01] 02| 04 05 ] 1,0 | 20 05| 1,0 | 20
yield point [MPa] To To To
102 [ 0,20 0,28 ] 0,33 73] 0,23]0,27] 0,30 51]0,45]0,18] 0,21
shear rate [1/s] 202 | 0,22 | 0,31 | 0,36 144| 0,26 | 0,31 | 0,35 101| 0,18 | 0,20 | 0,23
304 | 0,23] 0,35 [ 0,41 217 1 0,29 | 0,33 [ 0,40 152 | 0,19 | 0,22 [ 0,25

Data included in Table 5.5 will be used to prepguaphs, illustrating the changes of
the yield point, depending on the given parameiténework.

In Fig. 5.11, for three values of rod’s oscillatinequency: 1.66; 3.33; 5.00 [Hz],
current intensity 0.5 [A], the influence of gap’sight on the yield point was presented. For
the gap’s height value set to 5¢Lin], the current intensity value was 0.4 [A]. Fbe same
values of oscillation frequency and different valwé gap’s height, different values of a shear
rate were obtained. With increasing value of flaidhear rate, the increasing value of the
yield point of an MR fluid was observed. Comparthg data compiled in graphs in Fig. 5.11,
it can be concluded that the greatest values drstteess are obtained when the gap’s height
is h=5x10" [m], with the values of a gap ranging from h=7%1én] to h=10x10" [m], with
the same values of oscillation frequency, the vatieurrent and temperature, calculated

shear stress values are smaller.
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Fig. 5.11. Impact of shear rate and gap’s heighheryield point of the fluid in the T-MR

SIMR 132 DG damper with three values of oscillatieguencies: 1.66; 3.33; 5.00 [Hz]

The same method as with the assessment of theespppaeld point, was used on the

maximum values of shear stress of a magnetorhealbfjuid, working in the T-MR SiIMR
132 DG damper.

Table 5.6. summarizes the maximum value of flughigar stress in the T-MR SIMR

132 DG damper, taking into account the parametérasavking conditions, such as the

frequency of oscillation of the piston, intensitiyaurrent flowing in a solenoid, temperature

and heights of the gap.

As in the case of changes of apparent yield polminges of the maximum values of

shear stress, adopt the same patterns of gromtle@ease in value. The global difference

between the value of the yield point and the maxmualues of shear stress, is in the range

0.1-0.3 [MPa]. These differences decrease withirtlseesase of measured temperature, and

increase with increasing intensity of current.
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Table 5.6. Summary of maximum shear stress valitedVIRF 132 DG fluid

gap [m] 5x10% 7x10% 10x10*
temperature [°C] 25 25 25
current intensity [A] 01]o02] 04 05[] 10] 20 05[] 10] 20
max. shear stress [MPa] T Tmax Tmax
102 | 0,26 | 0,35 | 0,42 73]10,31| 0,35| 0,40 51]0,19| 0,22 | 0,24
shear rate [1/s] 202 0,28 | 0,41 ] 0,48 1441 0,35 | 0,42 | 0,46 101} 0,21 | 0,25 | 0,26
304 | 0,32 | 0,45 | 0,54 2171 0,39 ]| 0,44 | 0,47 152 0,23 | 0,26 | 0,28
temperature [°C] 30 30 30
current intensity [A] 01] 02| 04 05| 10| 20 05| 10| 20
max. shear stress [MPa] iz Tz Trmax
102 | 0,24 | 0,34 | 0,40 73]0,30| 0,33 | 0,39 51| 0,18 | 0,20 | 0,24
shear rate [1/s] 202 | 0,28 | 0,40 | 0,48 144| 0,35 | 0,40 | 0,44 101| 0,20 | 0,22 | 0,26
304| 0,29 | 0,43 | 0,52 217 0,38 | 0,43 | 0,45 152 | 0,21 | 0,25 | 0,28
temperature [°C] 40 40 40
current intensity [A] 01 ] 02| 04 05| 10| 20 05 ] 10| 20
max. shear stress [MPa] s Tz Trmax
102 | 0,22 | 0,32 | 0,38 73]10,29| 0,32 | 0,38 511 0,18 | 0,20 | 0,24
shear rate [1/s] 202 | 0,26 | 0,38 | 0,45 144| 0,33 | 0,38 | 0,40 101| 0,20 | 0,22 | 0,25
304 | 0,26 | 0,41 ] 0,46 2171 0,34] 0,39 | 0,40 152 0,21 | 0,23 | 0,27
temperature [°C] 50 50 50
current intensity [A] 01]02] 04 05[] 10] 20 05[] 10] 20
max. shear stress [MPa] T Tmax Tmax
102 0,21 | 0,31 | 0,37 7310,28| 0,31]| 0,36 51| 0,18| 0,19 | 0,22
shear rate [1/s] 202 | 0,25 | 0,35 | 0,44 144| 0,30 | 0,35 | 0,38 101 0,19 | 0,20 | 0,25
304 | 0,25 | 0,40 | 0,45 2171 0,30 | 0,35| 0,38 152 | 0,19 | 0,22 | 0,26

In Fig. 5.12,

damper was presented. With the increase of shearafathe fluid in the damper, the
maximum shear stress of the MR fluid also increasaalyzing the data compiled in graphs

in Fig. 5.12, it can be stated that the greateahgbs in the value of shear stress is obtained

for three values of rod’s

oscillatinrequency: 1.66, 3.33, 5.00 [Hz],
current intensity 0.5 [A] (0.4 [A] with the valud gap’s height h=5x16 [m]), the influence
of gap’s height on the maximum shear stress ofl flmorking in the T-MR SIMR 132 DG

when the aperture size is h=5%1im], for the gap’s height ranging from h=7x1¢m] to

h=10x10" [m], with the same frequencies of oscillation e piston, current and temperature,

shear stress values are smaller.
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Fig. 5.12. Impact of shear rate and gap’s heighthermaximum values of shear stress of
fluid in the T-MR SiIMR 132 DG damper with three was of oscillation frequencies:

1.66, 3.33, 5.00 [Hz]

5.3.2. Analysis of the influence shear rate and current itensity

Change of current intensity in the coil windingfeats the value of a magnetic field

strength. The generated magnetic field influendées MR liquid flowing through the gap.

Considered shear stresses in the head’s gap, secrezt only with growing shear rate or

decreasing value of the gap’s height. Change ofeatirintensity also affects changes of

values of these stresses.

Fig. 5.13 illustrates the changes of apparent ypeloht, obtained for three values of
current intensity: 0.5, 1.0, 2.0 [A] and three \eslwf shear rate, the gap’s height: 5%1®],

7x10* [m] and 10x10d [m]. For the gap 5xIH[m], the current intensity value was 0.1, 0.2,

0.4 [A]. Change of the yield point value is linedye to the increase of shear rate, and its

linear character is independent, both because eofcianging value of a current intensity,

whether the value of the gap’s height.
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Fig. 5.13. Impact of current intensity and sheé&e od fluid on the maximum value of shear
stress, with the value of gap’s height h=10%10]

Fig. 5.14 illustrates the changes of maximum sls¢é@ss values, obtained for three
values of current intensity and three values ofashate, with the gap’s height value set at
5x10* [m], 7x10* [m] and 10x1d [m]. Change of discussed parameter of liquidriedr, as
in the case of changes of the value of the conuealtiyield point, both because of the
changing value of a current, whether the valudefgap’s height.
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Fig. 5.14. Impact of current intensity and the shiate of fluid to the maximum shear stress
values, for the gap h=10xf¢m]

5.3.3. Analysis of the influance of temperature and currehintensity

The question of the influence of temperature onpmrameters of an MR fluid is often
omitted when analysing properties of a magnetodgcél fluid. It is 